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SUMMARY
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) primarily infects the respiratory tract, but pulmonary and cardiac com-

plications occur in severe coronavirus disease 2019 (COVID-19). To elucidatemolecularmechanisms in the lung andheart, we conducted

paired experiments in human stem cell-derived lung alveolar type II (AT2) epithelial cell and cardiac cultures infected with SARS-CoV-2.

With CRISPR-Cas9-mediated knockout of ACE2, we demonstrated that angiotensin-converting enzyme 2 (ACE2) was essential for SARS-

CoV-2 infection of both cell types but that further processing in lung cells required TMPRSS2, while cardiac cells required the endosomal

pathway. Host responses were significantly different; transcriptome profiling and phosphoproteomics responses depended strongly on

the cell type. We identified several antiviral compounds with distinct antiviral and toxicity profiles in lung AT2 and cardiac cells, high-

lighting the importance of using several relevant cell types for evaluation of antiviral drugs. Our data provide new insights into rational

drug combinations for effective treatment of a virus that affects multiple organ systems.
INTRODUCTION

Coronavirus disease 2019 (COVID-19) is primarily a respi-

ratory disease, with 80% of infections clinically mild or

asymptomatic. Progression to severe illness is associated

with lower respiratory tract involvement (Chen et al.,

2021b; Hou et al., 2020). In addition to pulmonary disease,

cardiovascular, renal, digestive, and neurological complica-

tions are reported (Nalbandian et al., 2021). Cardiac com-

plications include arrhythmias, thromboembolism, and

acute myocardial injury (Lazzerini et al., 2022; Shi et al.,

2020). Cardiac involvement is observed in up to 78% of

recovered COVID-19 patients, and ongoing myocardial

inflammation is observed in 60% of patients (Goyal et al.,
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2020; Puntmann et al., 2020). Furthermore, myocardial

injury was associated with increased mortality (Shao

et al., 2020). While cardiac damage during COVID-19 is

predominantly thought to be due to an over-exuberant im-

mune response, studies of autopsy tissue frompatients who

died from COVID-19 have detected viral RNA and spike

(S) antigen in the heart (Deinhardt-Emmer et al., 2021;

Schneider et al., 2020; Wang et al., 2021).

Severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) mediates infection by binding of the S protein to

its receptor, angiotensin-converting enzyme 2 (ACE2)

(Zhou et al., 2020). The S protein is cleaved into two do-

mains, S1 and S2, by host cell proteases (Shang et al.,

2020). Following attachment, fusion with the cell
uthors.
ecommons.org/licenses/by-nc-nd/4.0/).
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membrane requires further proteolytic cleavage at the S20

site to activate the fusion peptide (Hoffmann et al., 2020).

This ismediatedextracellularlyby serineproteases including

transmembrane protease, serine 2 (TMPRSS2) or in endo-

somes by cathepsin L (Hoffmann et al., 2020; Ou et al.,

2020; Perez-Bermejo et al., 2021). Thus, ACE2 is a critical

determinant of the tissue tropism of SARS-CoV-2, as is the

presence of surface and/or endosomal proteases. ACE2 is ex-

pressed in many human tissues, with the highest ACE2

expression observed in the nasal epithelium, lungs, ileum,

and heart (Hamming et al., 2004; Muus et al., 2021; Qi

et al., 2020; Sungnak et al., 2020; Zou et al., 2020). Tissue

sites containing cells that co-express ACE2 and TMPRSS2

include the nose, lungs, kidney, gastrointestinal tract, and

the gallbladder (Muus et al., 2021; Sungnak et al., 2020),

while cells co-expressing ACE2 and cathepsin L are found

within the lung, heart, and gastrointestinal tract (Muus

et al., 2021). Following entry, the virus interactswith cellular

machinery to complete its replication cycle and triggers a

host cell response that can vary in different organs.

We sought to elucidate the molecular mechanisms of

SARS-CoV-2 infection in lung and heart using human

stem cell-derived lung and cardiac cells. Human pluripo-

tent stem cells (hPSCs) including both human embryonic

stem cells (hESCs) and induced pluripotent stem cells

(hiPSCs) have been used to generate functional human

cells, tissues, and organoids to model human disease. We

and others have generated stem cell-derived lung alveolar

type II (AT2) epithelial cell and cardiac cultures that can

be productively infected with SARS-CoV-2 (Huang et al.,

2020; Perez-Bermejo et al., 2021; Sharma et al., 2020; Wil-

liams et al., 2021). We hypothesized that paired experi-

ments in SARS-CoV-2-infected lung and cardiac cells would

reveal important similarities and differences in viral and

host factors that could inform treatment of COVID-19

and its complications. We used CRISPR-Cas9-mediated

knockout of ACE2 and demonstrated that ACE2 was essen-

tial for SARS-CoV-2 infection of both cell types. Small-mole-

cule inhibitors revealed distinct mechanisms of SARS-CoV-

2 entry. We identified differential cellular responses to

SARS-CoV-2 infection by transcriptome profiling and phos-

phoproteomics and further demonstrated the utility of

these stem cell-derived models for screening antiviral com-

pounds for anti-SARS-CoV-2 activity. Our findings provide

new insights into treatment strategies for COVID-19.
RESULTS

SARS-CoV-2 productively infects human stem cell-

derived lung AT2 and cardiac cultures

hESC- and iPSC-derived cardiomyocyte (Anderson et al.,

2018; Lopes et al., 2021) and AT2 lung (Jacob et al., 2017)
cultures were generated to develop in vitro models of

SARS-CoV-2 infection (Figure 1A). Lung AT2 cultures ex-

pressed the AT2 cellular markers surfactant protein C

(SFTPC) and HT2-280, along with the lung development

homeobox protein NKX2-1 and an absence of

aquaporin-5 (AQP5), FOXJ1, and SCGB3A2, confirming

differentiation into AT2 cells (Figure S1A). Gene expression

profiling of the lung AT2 and cardiac cells demonstrated

transcriptional profiles consistent with high levels of AT2

cells and cardiomyocytes, respectively (Figures S1B

and S1C).

To determine susceptibility to SARS-CoV-2 infection,

lung AT2, cardiac, and Vero cells were inoculated with

the ancestral strain of SARS-CoV-2. As expected, SARS-

CoV-2 productively infected Vero cells with virus titers

and E gene copies peaking at 3 days post-infection

(dpi) (Figure 1B). SARS-CoV-2 showed robust virus repli-

cation in AT2 cells, with virus titers and E gene copies

peaking at 4 dpi (Figure 1B). Immunostaining for dou-

ble-stranded RNA (dsRNA) showed evidence of SARS-

CoV-2 replication at 3 dpi (Figure 1C). Cardiac cell cul-

tures differentiated from hESCs (NKX2-5eGPF/w [Elliott

et al., 2011]) were also susceptible to SARS-CoV-2 infec-

tion, with virus titers and E gene copies peaking slightly

later than AT2 cells between 4 and 6 dpi (Figure 1B). Car-

diac cells generated from ALPK3 knockout hESCs that

model hypertrophic cardiomyopathy (Phelan et al.,

2016), were similarly susceptible to SARS-CoV-2 infec-

tion, with a peak in virus titers at 4 dpi (Figure S1D).

Immunostaining showed SARS-CoV-2 dsRNA in both

cardiomyocyte and non-cardiomyocyte cells within the

cardiac cultures (Figure 1C). Furthermore, cardiac cul-

tures infected with SARS-CoV-2 stopped contracting at

4 dpi (Video S1). Overall, these data show that SARS-

CoV-2 replicates efficiently in cardiac and lung AT2 cells,

consistent with published reports (Huang et al., 2020;

Perez-Bermejo et al., 2021).

To determine susceptibility to SARS-CoV-2 variants, car-

diac and AT2 cells were inoculated with Alpha, Beta,

Gamma, Delta, and Omicron (BA.1 and BA.2) variants.

Although all variants were able to infect AT2 cells, amodest

difference was observed following Delta infection at 1 and

3 dpi (Figures 1D and S1E), with titers comparable to all

other variants by 5 dpi. In cardiac cells, a slightly lower vi-

rus titer was observed following infection with the Alpha

variant at 3 dpi (Figure 1D). However, this was not observed

for E gene copies where wild-type (WT) levels were higher

than other variants on 1 and 3 dpi (Figure S1E). In AT2 cells,

the Omicron subvariants showed similar titers to the WT

virus, although BA.1 showed amodest reduction in virus ti-

ters and E gene copies compared with BA.2 (Figures 1E and

S1F). In cardiac cells, the BA.1 and BA.2 variants showed

lower virus titers compared with the WT virus at 2–5 dpi
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Figure 1. SARS-CoV-2 infection of cardiac and lung AT2 cells
(A) Schematic of cell differentiation and infection protocols.
(B) Viral titers and genome copies in SARS-CoV-2 (VIC01)-infected Vero, lung AT2 (H9), and cardiac (NKX2-5) culture supernatants. Data
are presented as mean ± SD. Results are representative of two independent experiments each with 2 technical replicates.
(C) Representative fluorescent confocal microscopy images of dsRNA (green) expression in infected lung AT2 (SFTPC-positive) and cardiac
(cTNT-positive) cells at 3 dpi.
(D and E) Titers in supernatants from cardiac (NKX2-5) and lung AT2 cells infected with VIC01 (WT) compared with cells infected with
Alpha, Beta, Gamma, and Delta variants (D) or Omicron (BA.1 and BA.2) variants (E). Data are presented as mean ± SD. Results are
representative of two independent experiments each with 3 technical replicates.
See also Figure S1.
(Figure 1E). However, this difference in replication was not

observed for E gene copies (Figure S1F). These data confirm

that hPSC-derived in vitro models can be used to study

SARS-CoV-2 and that SARS-CoV-2 variants infect cardiac

and lung cells efficiently.
1310 Stem Cell Reports j Vol. 18 j 1308–1324 j June 13, 2023
SARS-CoV-2 infection in lung AT2 and cardiac cells is

dependent on ACE2

To confirm that ACE2 is required for SARS-CoV-2 infection

in cardiac and lung AT2 cells, we generated two ACE2

knockout (KO) hPSC lines (H9 andMCRIi010-A; Figure S2A



(legend on next page)
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and S2B). ACE2 protein and ACE2 transcript expression was

not detected in either AT2 or cardiac cultures differentiated

from the ACE2 KO line (Figures S2C, S2D, and S2I). Flow cy-

tometric analysis confirmed that the genetically modified

cells maintained their expression of pluripotency markers

and showed similar differentiation capacity (Figures S2E–

S2G). TheACE2KOcardiac or AT2 cells could not be produc-

tively infectedwith SARS-CoV-2 as shownby the inability to

recover infectious virus and absence of dsRNA staining

(Figures 2A, S2H, and S2I). For independent confirmation

of the role of ACE2, we used a combination of two previ-

ously described a-ACE2 antibodies (Chen et al., 2021a). In

cardiac cultures, 2 mg/mL a-ACE2 antibodies was sufficient

to completely block SARS-CoV-2 infection (Figure 2B). In

contrast, treatment with the a-ACE2 antibody cocktail

blocked infection in a dose-dependent fashion in AT2 cells

(Figure 2B). Overall, our data demonstrate that SARS-CoV-

2 infection in lung AT2 and cardiac cells is ACE2 dependent.
SARS-CoV-2 utilizes differential entry mechanisms in

lung AT2 and cardiac cells

To determine the mechanism of entry, cells were infected

in the presence of the TMPRSS2 inhibitor camostat mesy-

late or the cathepsin B/L inhibitor CA-074 Me. Camostat

treatment led to a dose-dependent reduction in virus titer

and genome copies in AT2 but not in cardiac cells

(Figures 2C and S3C), showing that infection in lung AT2

cells requires TMPRSS2 cleavage. In contrast, CA-074 Me

led to a complete inhibition of virus replication in cardiac

but not in AT2 cells (Figures 2C and S3C), confirming

that viral entry in cardiac cells requires the endosomal

pathway. This is consistent with the high expression of

TMPRSS2 observed in lung AT2 cells and the absence of

TMPRSS2 in cardiac cells (Figures S3A and S3B). Although

expression of TMPRSS2 by cardiomyocytes has been

observed by two studies (Lee et al., 2021; Williams et al.,

2021), the majority suggest that TMRPSS2 expression is

low or absent in these cells (Navaratnarajah et al., 2021;

Perez-Bermejo et al., 2021; Robinson et al., 2020; Yang

et al., 2021). Thus, consistent with the gene expression

data, SARS-CoV-2 utilizes distinct entry pathways in lung

AT2 and cardiac cells.
Figure 2. SARS-CoV-2 infection is ACE2 dependent but further ste
AT2 and cardiac cells
(A) Virus titer in supernatants from SARS-CoV-2 (VIC01)-infected H9-
(B) Virus titer at 3 dpi in supernatants from lung AT2 (H9) and cardiac
isotype control before infection with SARS-CoV-2.
(C) Virus titer at 3 dpi in supernatant from cardiac cells (NKX2-5, red tr
(VIC01) in the presence of camostat, CA-074 Me, or DMSO (vehicle co
(D and E) Virus titers and genome copies at 3 dpi in supernatant from V
VIC01 in the presence of various concentrations of Remdesivir (D) or N
of two independent experiments each with 3 technical replicates.
See also Figure S2 and S3.
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Antiviral compounds show differential activity in

lung and cardiac cells compared with traditional cell

lines

To determine whether SARS-CoV-2 antiviral drugs show

similar activity in lung AT2 and cardiac cells, we investi-

gated two sets of small molecules: (1) drugs that are

approved for treatment of COVID-19 including remdesivir

and NHC (b-D-N4-hydroxycytidine), the prodrug of mol-

nupiravir, and (2) drugs that were reported to show anti-

viral activity in vitro but are still under clinical investigation

or were not found to be effective in clinical trials including

favipiravir, tizoxanide (the active form of the antiparasitic

agent nitazoxanide), and chloroquine.

In Vero cells, remdesivir inhibited virus replication at a

concentration of 10 mM,while in lung AT2 cells and cardiac

cells, the drug completely inhibited virus replication at 2.5

and 0.08 mM, respectively (Figure 2D). NHC was also more

effective in inhibiting virus replication in cardiac cells

compared with AT2 and Vero cells, with complete virus in-

hibition observed at 5 mM, while viral replication was in-

hibited in Vero and AT2 cells with similar dose-response ki-

netics (Figure 2E). Toxicity of remdesivir and NHC in AT2

and cardiac cells was observed with concentrations above

5 and 40 mM, respectively (Figures S3D and S3E). Favipira-

vir, piperaquine, and tizoxanide showed no antiviral activ-

ity against SARS-CoV-2 in cardiac, AT2, and Vero cells up to

a concentration of 10 mM (Figure S3F). Chloroquine in-

hibited SARS-CoV-2 virus replication in cardiac cells

(including the ALPK3 KO cardiomyopathy model) but

not in AT2 or Vero cells (Figure S3F), consistent with our

observation that SARS-CoV-2 entry in cardiac cells utilizes

the endosomal pathway. These results highlight the vari-

ability in antiviral efficacy in different cell types and

emphasize the relevance of using hPSC-derived models

over Vero cells for assessment of antiviral drugs for

COVID-19.

SARS-CoV-2 induces different transcriptional

responses in lung AT2 and cardiac cells

Based on our observation of distinct entry pathways and

antiviral activity between lung AT2 and cardiac cells, we

hypothesized that they would show diverse responses to
ps in entry and antiviral sensitivity are different between lung

derived WT and ACE2 KO cardiac and lung AT2 cells.
cells (NKX2-5) treated with two a-ACE2 antibodies or a human IgG1

iangles) and lung AT2 cells (blue squares) infected with SARS-CoV-2
ntrol).
ero, lung AT2, and cardiac cells (NKX2-5) infected with SARS-CoV-2
HC (E). Data are presented as mean ± SD. Results are representative



Figure 3. Cardiac cells have a stronger interferon signature than lung AT2 cells following SARS-CoV-2 infection
(A) Principal-component analysis (PCA) plot of uninfected (mock) and SARS-CoV-2-infected (virus) cardiac (H9) and lung AT2 cells at 1
and 3 dpi.
(B) Venn diagram depicting the number of overlapping and unique differentially expressed genes compared with mock.
(C) Extended plot of top enriched WP terms from total cardiac, total lung, intersect, lung unique, and cardiac unique differentially ex-
pressed genes. Circle size is proportional to the number of genes that matched the pathway, and color represents the logp value as
calculated by Metascape.
(D) Heatmap in log2 fold change (FC) of representative interferon genes (compared with representative mock samples at 1 dpi) separated
by type as defined by WikiPathways. Columns on the right show the concordance between direction of FC of RNA-seq data and the
LegendPlex/Taqman assays. For 1 and 3 dpi, 3 lung samples and 2 cardiac samples were analyzed per group (mock, virus).
(E) Cytokine concentrations in supernatants of mock- and SARS-CoV-2-infected cardiac and lung AT2 cells at 3 dpi. Data are presented as
mean ± SD. Results are representative of two independent experiments each with 3 technical replicates. See also Figure S4.
SARS-CoV-2 infection. RNA sequencing (RNA-seq) was per-

formed on cell lysates from lung AT2 and cardiac cells in-

fected with SARS-CoV-2 at 1 and 3 dpi. Principal-compo-

nent analysis (PCA) separated the tissue types and

demonstrated a progressive separation between mock and

infected cells (Figure 3A). At 1 dpi, no differentially ex-

pressed genes (DEGs) were observed in AT2 cells, and

only 5 were observed in cardiac cells (data not shown).

However, at 3 dpi, 1,154 and 992 DEGs were obtained for
cardiac and AT2 cells, respectively. As shown in Figure 3B,

of the DEGs between the two cell types, 202 were overlap-

ping (‘‘intersect’’), 952 genes were differentially expressed

in the cardiac cells only (‘‘cardiac unique’’), and 790 genes

were differentially expressed in the lung AT2 cells only

(‘‘lung unique’’). Additionally, we found that SARS-CoV-2

infection did not change the expression profile of lung

development genes in AT2 cells and cardiac development

genes in cardiac cells at 1 and 3 dpi (Figures S1B and S1C).
Stem Cell Reports j Vol. 18 j 1308–1324 j June 13, 2023 1313
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WikiPathway (WP) enrichment analysis of DEG subsets

identified that the biological processes impacted by SARS-

CoV-2 infection in both lung AT2 and cardiac cells (inter-

sect subset) included genes involved in cellular processes

including the electron transport chain (WP111) and oxida-

tive phosphorylation (WP623) and genes involved in inter-

feron (IFN) signaling (WP4880, WP4868, and WP619; Fig-

ures 3C, S4A, and S4B). We also found DEGs in both AT2

and cardiac cells associated with cell death or apoptosis

(WP254 andWP615). In cardiac cells, we found an upregu-

lation of genes in type III IFN signaling (WP2113) and a

downregulation of genes associated with striated muscle

contraction (WP383), consistent with the cessation of

contractility of SARS-CoV-2-infected cultures (Video S1).

In lung AT2 cells, we observed an overall downregulation

of genes in amino acid metabolism (WP3925) and an upre-

gulation of genes associatedwith production of reactive ox-

ygen species (WP4269) (Figure 3C).

Key differences in the transcriptional responses to SARS-

CoV-2 infection betweenAT2 and cardiac cells were the IFN

pathways that were activated (Figures 3C and 3D). While

IFN signaling was overall activated in both systems (Fig-

ure 3C, intersect), we observed differences in activation

in specific IFN pathway components. By 3 dpi, genes

from the type I, II, and III IFN pathways (IFNB1, CXCL10,

PRKCD, IFNL1, IFNL2, and IFNL3) were strongly upregu-

lated in cardiac compared with lung AT2 cells showing

weaker changes (Figure 3D). Concordant with the observed

increase in transcription by RNA-seq, cytokine analysis

showed an induction of interleukin-6 (IL-6), IP-10, IFN-

l1, IFN-l2/3, and IFN-b in infected cardiac cells, but not

AT2 cells, at 3 dpi comparedwithmock controls (Figure 3E).

Furthermore, qPCR showed induction of IFITM3, IFN-b,

STAT1, and STAT2 in infected cardiac cells, but not AT2

cells, compared with mock at 3 dpi (Figure S4C). Network

analysis of the GO term response to IFN-g showed that

multiple genes within the network were upregulated in in-

fected cardiac but not AT2 cells (Figure S4D). Taken
Figure 4. SARS-CoV-2 infection alters different signaling networ
(A) Schematic of phosphoproteomics workflow.
(B) Number of phosphorylated peptides, sites, and proteins found in
(C) PCA plot of median-normalized phosphoproteome replicates from
lung AT2 cells at 18 and 24 h post-infection.
(D and E) Number of significantly (adjusted p [padj] < 0.05, FC > 1.
(E) between cell types.
(F and G) Top 5 predicted drivers following SARS-CoV-2 infection in ca
calculated based on the computation of Z score probability distributio
Hochberg algorithm.
(H) GO cellular components enriched in at least one condition (p < 0
(I) Kinases with enriched substrates, which were selected for targeti
(J) Abundance of the PKC substrate MARCKS S170.
(K) Abundance of the SRPK1 substrate SARS-CoV-2 nucleocapsid prot
See also Figure S4.
together, SARS-CoV-2 infection induces IFN response in

both cell types, but direct comparison of the pathway com-

ponents indicates robust type I, II, and III IFN responses

that are specific to cardiac cells only.

SARS-CoV-2 activates druggable kinases in lung AT2

and cardiac cells

We measured the phosphoproteome to determine the

signaling responses of lung AT2 and cardiac cells to SARS-

CoV-2 infection at 0, 18, 24, and 72 h post-inoculation (Fig-

ure 4A). Viral phosphorylation sites were analyzed at 72 h

only. By employing recent advances in phosphoproteo-

mics technologies (Humphrey et al., 2018), we quantified

>32,000 phosphopeptides in at least three samples (Fig-

ure 4B). The phosphoproteomes clustered primarily by tis-

sue origin in PCA (PC1), emphasizing the cell-type-specific

nature of signaling (Figure 4C). Time since infection was

the second largest factor affecting clustering by PCA (on

PC2) due to the long time points studied. For this reason,

a mock condition was sampled at every time point,

enabling identification of infection-driven signaling.

SARS-CoV-2 infection extensively regulated cellular

signaling, with at least 250 phosphopeptides regulated at

each time point (Figure 4D). Regulation of the phospho-

proteome was most extensive in cardiac cells at 18 h post-

infection (>900 phosphopeptides altered). Remarkably,

only 12 and 15 phosphopeptides were commonly regu-

lated between the cardiac and lung AT2 cells at the 18

and 24 h time points, respectively (Figure 4E). This low

overlap of regulation was also observed at the transcrip-

tional level and indicates that the response to SARS-CoV-

2 is highly contextual and depends strongly on the cell

type or tissue of origin.

To corroborate this, we sought to identify the molecular

drivers of the SARS-CoV-2 infection response by inte-

grating RNA-seq and phosphoproteomics datasets. The

top 3 drivers of SARS-CoV-2 infection response in cardiac

cells (SP110, STAT1, and DTX3L) were activators of the
ks in heart and lung organoids

3 samples.
uninfected (mock) and SARS-CoV-2-infected (CoV) cardiac (H9) and

5) regulated phosphopeptides per timepoint (D) and their overlap

rdiac cells (F) and in lung cells (G) at 72 h post-infection. padj are
ns of a molecule to be a driver and adjusted using the Benjamini and

.05) that are related to endosomes.
ng.

ein S206.
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IFN response (Figures 4F and 4G). In contrast, no strong IFN

pathway activators were identified in the top drivers of the

infection response in AT2 cells, confirming the robust IFN

response seen in cardiac cells compared with AT2 cells. En-

dosomal components almost uniquely enriched in the

SARS-CoV-2 response of cardiac cells but not AT2 cells

(Figures 4H and S4E). This mirrors the pattern of viral entry

occurring via endocytosis in cardiac cells.

By mapping reported kinase-substrate relationships to

our phosphoproteomics data, we found that 37 kinases

had substrates that were enriched for regulated phospho-

sites (Figures 4I and S4F). We hypothesized that kinases

with substrates enriched in upregulated phosphorylation

sites had increased activity in the SARS-CoV-2 response,

and vice versa for kinases with downregulated sites. The

unique signaling responses of cardiac and lung cells was

also evident at the kinase level as, of the 37 kinases en-

riched in at least one condition, 6 were significantly en-

riched in the same direction in both cell types. For kinases

such as protein kinase C (PKC), some isoforms had oppo-

site cell-type-specific patterns of regulation. Of the PKC iso-

forms, PKCD had substrates enriched in upregulated sites

in the lung AT2 cells, while PKCT was enriched in the car-

diac cells (Figure 4I). This could suggest some convergence

in signaling outcomes despite differing proteins being em-

ployed. However, the gold-standard PKC substrate

MARCKS S170 was uniquely upregulated in cardiac cells

(Figure 4J).

Since SARS-CoV-2 proteins can also be phosphorylated

by host kinases, we also searched our phosphoproteomics

data specifically for phosphorylation of SARS-CoV-2 viral

proteins. We measured 32 sites on 5 viral proteins

(ORF1a, S, M, N, and ORF9b; Table S1). This list includes

S206 on the nucleocapsid protein, which has been reported

as an SRSF protein kinase 1 (SRPK1) substrate (Figure 4K;

Yaron et al., 2020).

Differential antiviral activity of candidate compounds

in cardiac and lung AT2 cells

We interrogated our molecular datasets to predict new and

alternative druggable targets. We selected 9 pathways that

were differentially phosphorylated in SARS-CoV-2-infected

lung AT2 and cardiac cells and identified 15 compounds

that could inhibit the kinases critical for these pathways.

These kinases (and their inhibitors) included: LIM domain

kinase (R-10015); checkpoint kinases 2 (CCT241533 HCL);

SRPK1 (Alectinib, SPHINX31); cyclin-dependent kinases

(CDKs) (CCT251545, SNS-032, palbociclib hydrochloride,

flavopiridol, dinaciclib, abemaciclib, samuraciclib hydro-

chloride hydrate, trilaciclib hydrochloride); glycogen syn-

thase kinase-3 (AZD1080); and PKC (bisindolylmaleimide

I). We also tested an inhibitor of the transforming growth

factor b (TGF-b) pathway using an inhibitor of the TGF-b
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type II receptor (GW788388). We screened the compounds

at 1, 10, and 50 mM for antiviral activity (data not shown),

based on which we eliminated three compounds that tar-

geted CDKs due to their strong toxicity in cardiac cells

and lack of activity in lung cells (flavopiridol, dinaciclib, sa-

muraciclib hydrochloride hydrate). SNS-032 was analyzed

further although it was toxic in cardiac cells because it

showed promising antiviral activity in AT2 cells. We evalu-

ated the remaining 12 compounds across a dose range for

antiviral activity and cell cytotoxicity in both cardiac (H9

and NKX2-5) and lung AT2 (H9) cells.

While the CDK8 inhibitor CCT251545 was ineffective in

limiting SARS-CoV-2 replication (Figure S5), CDK4/6 inhib-

itors abemaciclib and palbociclib inhibited virus replica-

tion in both cell types, and CDK4/6 inhibitor trilaciclib hy-

drochloride inhibited it in cardiac cells with variable

inhibition in the AT2 cells (Figure 5A). CDK2/7/9 inhibitor

SNS-032 showed significant antiviral activity withminimal

cytotoxicity in AT2 cells but was cytotoxic in cardiac cells

(Figure 5A). In cardiac cells, but not AT2 cells, antiviral ac-

tivity was also observed with the CHK and PKC inhibitors

at concentrations that were not cytotoxic (Figures 5B

and 5C).

Alectinib and SPHINX31, which inhibit SRPK1, inhibited

viral replication in both AT2 and cardiac cells, with greater

inhibition in AT2 cells (Figure 5D). Similar activity of these

antiviral drugswas observed inH9-derived cardiac cells (Fig-

ure S5A). Drugs that targeted LIM domain kinase (R-10015)

and TGF-b type II receptor (GW788388) showed no activity

in either cell type (Figure S5B). The GSK-3 inhibitor

AZD1080 showed no antiviral activity in H9-derived lung

AT2 and cardiac cells (Figure S5). However, it did show anti-

viral activity in NKX2-5 cardiac cells against VIC01 but not

thenLuc virus, suggesting that removal ofORF7amayaffect

drug sensitivity (Figure S5; Hou et al., 2020). Overall, these

data show that inhibition of kinases with small molecular

inhibitors can abrogate SARS-CoV-2 replication with

differing effectiveness in cardiac and lung AT2 cells.
DISCUSSION

Our data from parallel evaluation of SARS-CoV-2 infection

in stem cell-derived cardiac and lung AT2 cells provide

valuable insights into virus-host interactions in tissues

that are significantly affected in COVID-19, with implica-

tions for rational design of therapeutic interventions. We

show that virus entry, cellular response, antiviral activity,

and cytotoxicity differ in SARS-CoV-2-infected human car-

diac and lung AT2 cells and antiviral activity in both hu-

man cell types differ from what is seen in African monkey

kidney-derived Vero cells that are widely used for SARS-

CoV-2 research. Virus entry in both human cell types is



Figure 5. Efficacy of kinase inhibitors against SARS-CoV-2 replication varies between lung AT2 and cardiac cells
Cell viability (percentage relative to vehicle control, black lines) and inhibition of SARS-CoV-2 growth (percentage relative to vehicle
control) in the presence of CDK (A), CHK (B), PKC (C), and SRPK1 (D) inhibitors in lung AT2 cells (H9) and cardiac cells (NKX2-5) at 2 dpi.
Dotted black lines indicate 50% virus inhibition or cell viability. Results are representative of two independent experiments each with 3
technical replicates.
See also Figure S5.
dependent on ACE2, but further processing of the S protein

is mediated through TMPRSS2 in lung AT2 cells, while

infection of cardiac cells is achieved through the endoso-

mal pathway and cathepsin L. Host responses are signifi-

cantly different, with a robust IFN response signature spe-

cific in cardiac cells and a weaker response in lung AT2

cells. Phosphoproteomics analysis identified activation of

different pathways in cardiac and lung AT2 cells. Parallel

evaluation of antiviral activity and cytotoxicity of drugs

in cardiac and lung AT2 cells reveals several points to

consider in COVID-19 therapy, including the use of drug

combinations to target bothmembrane protease and endo-

somal entry pathways, drugs that target SRPK1 and CDKs,

and the importance of using relevant hPSC-derivedmodels

in place of immortalized cell lines such as Vero cells for

assessment of antiviral drugs.
Early reports characterizing SARS-CoV-2 demonstrated

the requirement of ACE2 for virus entry (Zhou et al.,

2020). Similarly, we show that SARS-CoV-2 infection of

ACE2 KO lung AT2 and cardiac cells completely abol-

ished virus growth, demonstrating that ACE2 is required

for infection of these cells, consistent with previous re-

ports using similar models (Bailey et al., 2021; Bojkova

et al., 2020; Marchiano et al., 2021; Perez-Bermejo

et al., 2021). Our RNA-seq and qPCR analyses of lung

and cardiac cells demonstrated high ACE2 expression

in lung AT2 cells and low expression in cardiac cells,

despite robust viral growth. Anti-ACE2 antibodies at a

low dose did not completely block infection in AT2 cells

but did in cardiac cultures, likely reflecting this

difference in ACE2 expression between the cell types.

Overall, we show that ACE2 expression is required for
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SARS-CoV-2 infection in hPSC-derived lung AT2 and car-

diac cells.

To investigate the protease requirements for entry into

hPSC-derived AT2 and cardiac cells, we performed entry in-

hibition assays with the TMPRSS2 inhibitor camostat me-

sylate and the cathepsin B/L inhibitor CA-074 Me (Mon-

taser et al., 2002). Camostat inhibited SARS-CoV-2

infection in AT2 cells, suggesting that TMPRSS2 is required

for SARS-CoV-2 infection of AT2 cells, consistent with pre-

vious reports (Huang et al., 2020; Tiwari et al., 2021). In

contrast, CA-074 Me blocked SARS-CoV-2 infection in car-

diac cells, demonstrating that cathepsin L cleavage

through endosomal entry is required for infection of car-

diac cells, consistent with previous studies (Bailey et al.,

2021; Bojkova et al., 2020; Perez-Bermejo et al., 2021).

The ability of SARS-CoV-2 to enter cells through different

pathwaysmay explainwhy clinical trials of camostatmesy-

late in hospitalized COVID-19 patients and hydroxychlor-

oquine alone did not result in clinical benefit (Gunst et al.,

2021). Our data suggest that a combination of drugs that

target both pathways may be more effective in vivo and

emphasize the importance of antiviral testing in several

relevant tissue types.

We found a robust IFN response in cardiac cells. Induc-

tion of IFN in infected cardiac cell cultures has been previ-

ously reported using bulk RNA-seq (Bailey et al., 2021;

Marchiano et al., 2021). However, Perez-Bermejo et al. re-

ported that single-cell RNA-seq of infected iPSC-derived

cardiomyocytes showed an induction of proinflammatory

cytokines but not type I or III IFNs (Perez-Bermejo et al.,

2021). A potential explanation for the discrepancy between

our findings and those of Perez-Bermejo et al. is that the

additional cells present in our cultures (fibroblasts, smooth

muscle cells, and endothelial cells; Mills et al., 2017) or

bystander cardiomyocytes are responsible for inducing

robust IFN responses.

In contrast to cardiac cells, SARS-CoV-2 infection led to a

weak IFN response in lung AT2 cells at 3 dpi. This is consis-

tent with Li et al., who found aweak induction of IFN-b and

IFN-l at 2 dpi with SARS-CoV-2 in hPSC-derived AT2 cul-

tures (Li et al., 2021). In contrast, Huang et al. found amod-

erate IFN response in hPSC-derived AT2 cells (Huang et al.,

2020) and other studies using AT2 cells derived from pri-

mary cells found a stronger induction of the IFN response

(Katsura et al., 2020; Mulay et al., 2021; Youk et al.,

2020). This suggests that the level of IFN induction after

SARS-CoV-2 infection of AT2 cells is dependent on the

model system and virus dose.

The difference in host response to infection between car-

diac cells and lung AT2 cells in our study may be explained

by the viral entry pathways. SARS-CoV-2 replication leads

to detection of dsRNA replication intermediates by mela-

noma-differentiation-associated gene 5 (MDA5) and induc-
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tion of a robust IFN response through mitochondrial anti-

viral signaling protein (MAVS) signaling (Li et al., 2021;

Sampaio et al., 2021). Several studies have identified

SARS-CoV-2 proteins (nsp1, nsp5, nsp6, nsp13, nsp15,

ORF6, and ORF7b) that inhibit MAVS-induced type I and

III IFN responses (Lei et al., 2020; Shemesh et al., 2021;

Xia et al., 2020). This mechanism of IFN antagonism likely

explains the lack of IFN induction seen in lung AT2 cells

following SARS-CoV-2 infection. In contrast, endosomal

entry of SARS-CoV-2 in cardiac cellsmay explain the robust

induction of IFN. Endosomes contain Toll-like receptors

(TLRs) including TLR3 and TLR7/8 that sense dsRNA and

single-stranded RNA (ssRNA), with only TLR3 detectable

in cardiomyocytes (Uhlen et al., 2015). Furthermore, de-

fects in TLR3 have been associated with disease severity

in patients (Zhang et al., 2020), suggesting that TLR3 may

play an important role in inducing IFN responses.

Although COVID-19 vaccines are highly effective in pre-

venting severe illness and death, antiviral compounds are

required for the treatment of COVID-19, particularly with

the emergence of variant viruses and reduced effectiveness

of vaccines in preventing symptomatic illness caused by

variants of concern. To date, only a handful of drugs

including remdesivir, molnupiravir, and paxlovid have

been approved for use in hospitalized COVID-19 patients,

and additional drugs are needed. In this study, we estab-

lished two cellular models relevant to COVID-19 disease

that are scalable and amenable to high-throughput

screening. We used this system to screen drugs that

advanced to clinical trials based on in vitro activity against

SARS-CoV-2. We noted poor antiviral activity of remdesivir

in Vero cells compared with stem cell-derived lung AT2

cells and cardiac cells. These data are consistent with a pre-

vious report showing that remdesivir is metabolized ineffi-

ciently in Vero cells (Pruijssers et al., 2020) and suggests

that Vero cells are not optimal for screening antiviral com-

pounds against SARS-CoV-2.

Based on results from phosphoproteomics analysis, we

screened several kinase inhibitors for their ability to

inhibit viral replication in lung AT2 and cardiac cells.

Out of 12 compounds we evaluated, three had activity

in both AT2 and cardiac cells (SPHINX31, alectinib, abe-

maciclib), one had activity in AT2 cells only (SNS-032),

four had activity in cardiac cells only (CCT241533, palbo-

ciclib, trilaciclib, bisindolylmaleimide I), and the remain-

ing were ineffective. We observed that several CDK inhib-

itors were toxic at the concentrations tested, particularly

in cardiac cells. Of note SNS-032 showed strong antiviral

activity in AT2 cells but induced cardiac cell death; medic-

inal chemistry approaches could be explored to limit the

toxicity for cardiac cells. Effectiveness of SRPK1 and

CDK inhibitors against SARS-CoV-2 has been reported

previously in Vero, Calu-3, and A549-ACE2 cells and



primary lung cells (Bouhaddou et al., 2020; Yaron et al.,

2020). However, this is the first study to show potential

toxicity of CDK inhibitors in cardiac cells. Although we

observed antiviral activity in both cell types, SRPK1 inhib-

itors were effective at lower concentrations in AT2

compared with cardiac cells. Overall, we have identified

several antiviral compounds with distinct effectiveness

and toxicity profiles in lung AT2 and cardiac cells, high-

lighting the importance of using several cell types for eval-

uation of antiviral effectiveness.

In summary, with paired experiments in human stem

cell-derived tissue surrogates of organs that are affected in

severe COVID-19, we have demonstrated important com-

monalities and several key differences in virus-host interac-

tions in lung and cardiac cells. While the value of using hu-

man lung organoids and A549 and Calu-3 cells for

evaluation of antiviral drugs has been recognized, our

work highlights the importance of evaluation in additional

relevant cells (lung and heart) for the evaluation of anti-

viral activity and cytotoxicity of drugs that are considered

for treatment of COVID-19. This parallel evaluation in

two cell types offers novel insights into the rational design

of therapeutic interventions.
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Cells
African green monkey kidney epithelial (Vero cells, ATCC Cat.

CCL-81), Vero hSLAM (Merck, Cat. 04091501), Calu-3 (ATCC,

Cat. HTB-55), and VeroE6-TMPRSS2 (CellBank Australia, Cat.

JCRB1819) cells were cultured at 37�C and 5% CO2. Vero cell me-

dia: minimum essential medium (MEM; Media Preparation Unit,

Peter Doherty Institute) supplemented with 5% fetal bovine serum

(FBS; Bovogen, Cat. SFBS), 50 U/mL penicillin and 50 mg/mL strep-

tomycin (PenStrep, Thermo Fisher Scientific, Cat. 15070-063),
2 mM GlutaMAX (Thermo Fisher Scientific, Cat. 35050061), and

15 mM HEPES (Thermo Fisher Scientific, Cat. 15630130). Vero

hSLAM cell media: MEM supplemented with 7% FBS, PenStrep,

2 mM GlutaMAX, 15 mM HEPES, and 0.4 mg/mL G418 Sulfate

(Gibco, Cat. 10131027). Calu-3 cell media: MEM containing

L-glutamine and sodium bicarbonate (Sigma, Cat. M4655) supple-

mented with 10% FBS, PenStrep, 13 non-essential amino acids

(Gibco, Cat. 11140050), and sodium pyruvate (Fisher Scientific,

Cat. BP356-100). VeroE6-TMPRSS2 cell media: Dulbecco’s MEM

(DMEM; Media Preparation Unit, Peter Doherty Institute) supple-

mented with 10% FBS, PenStrep, 2 mM GlutaMAX, and 1 mg/

mL G418 Sulfate.

Viruses
SARS-CoV-2 viruses hCoV-19/Australia/VIC01/2020 (VIC01, GI-

SAID: EPI_ISL_406844), hCoV-19/Australia/VIC17991/2020 (Alpha

variant, GISAID: EPI_ISL_779606), hCoV-19/Australia/QLD1520/

2020 (Beta variant, GISAID: EPI_ISL_968081), hCoV-19/Australia/

VIC18440/2021 (Delta variant, GISAID: EPI_ISL_1913206), hCoV-

19/Australia/NSW-RPAH-1933/2021 (Omicron BA.1 variant, GI-

SAID: EPI_ISL_6814922), and hCoV-19/Australia/VIC35864/2022

(Omicron BA.2 variant, GISAID: EPI_ISL_8955536) were kind gifts

from the Victorian Infectious Diseases Reference Laboratory

(VIDRL). hCoV-19/Japan/TY7-503/2021 (Gamma variant, GISAID:

EPI_ISL_877769, NR-54982) was obtained through BEI Resources,

NIAID, NIH, contributed by the National Institute of Infectious Dis-

eases. The icSARS-CoV-2-nLuc virus was a kind gift from Prof. Ralph

S. Baric from the Department of Microbiology and Immunology,

University of North Carolina at Chapel Hill, Chapel Hill, NC, USA

(Hou et al., 2020). SARS-CoV-2 VIC01 was propagated in Vero and

Vero hSLAM cells in Vero infection medium (serum-free MEM in

the presence of 1 mg/mL TPCK-Trypsin [Cat. LS003740]). SARS-

CoV-2 Alpha, Beta, Gamma, and Delta variants were propagated

in Vero hSLAM cells in infection medium (serum-free MEM with

1 mg/mL TPCK-trypsin). SARS-CoV-2 Omicron BA.1 and BA.2 vari-

ants were passaged in Calu3 cells in infectionmedia (MEM contain-

ing 2% FBS). Virus stocks were stored at �80�C and titered as

described below.

Virus titration
Virus titrations were performed in 96-well plates with confluent

Vero and VeroE6-TMPRSS2 monolayers. Cells were washed with

plainMEM and replaced with 180 mL serum-free media containing

1 mg/mL TPCK-trypsin. Each sample was titrated in quadruplicate

by adding 20 mL supernatant to the first well and performing

10-fold serial dilutions. Cells were incubated at 37�C and assessed

microscopically for SARS-CoV-2-induced cytopathic effect (CPE)

on day 4. Virus titers are expressed as mean log10TCID50/mL.

Viral RNA extraction and RT-PCR
RNA was extracted as per the manufacturer’s recommendation us-

ing QiaCube HT (Qiagen) and QiaAmp 96 Virus QiaCube HT kit

(Qiagen, Cat. 57731). RT-PCR reaction was set up using SensiFast

Probe No-ROX One-Step Kit (Bioline, Cat. BIO-76005) using the

following primers/probes: E_Sarbeco_F1: 50-ACAGGTACGTTAA

TAGTTAATAGCGT-30, E_Sarbeco_R2: 50-ATATTGCAGCAGTACG

CACACA-30), and E_Sarbeco_P1_FAM: 50-ACACTAGCCATCCT
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TACTGCGCTTCG-30. Serial 10-fold dilutions of plasmid encoding

the viral E gene were used to generate a standard curve for calcu-

lating the virus genome copies in the samples.
Lung AT2 cell differentiation
H9 embryonic (female) stem cells were seeded onto flasks coated

with Matrigel (Corning, Cat. 354230) in Essential 8 medium

(Thermo Fisher Scientific, Cat. A1517001). After 48 h, medium

was changed daily with RPMI 1640 (Thermo Fisher Scientific, Cat.

21870084) supplemented with B-27 (Gibco, Cat. 17504044),

100 ng/mL activin A (Peprotech, Cat. 120-14P), 1 mM CHIR99021

(Sigma-Aldrich, Cat. SML1046), and PenStrep for 3 days. On days

4–8, the medium was changed daily with DMEM/F12 media

(Thermo Fisher Scientific, Cat. 105650) supplemented with N2

(Gibco, Cat. 17502048), B27, 0.05 mg/mL ascorbic acid (Sigma-

Aldrich, Cat. A92902), 0.4 mM monothioglycerol (Sigma-Aldrich,

Cat. M6145), 2 mM dorsomorphin (Stemcell Technologies, Cat.

72102), SB431542 (Miltenyi Biotec, Cat. 130-106-543), and

PenStrep. On days 9–12, the medium was changed daily with

DMEM/F12-based medium with B27, 0.05 mg/mL ascorbic acid,

0.4 mM monothioglycerol, 20 ng/mL BMP4 (Peprotech, Cat. 120-

05ET), 0.5 mM retinoic acid (ATRA; Sigma-Aldrich, Cat. R2625),

3 mMCHIR99021, and PenStrep. From day 12 onward, the medium

was changed every other day with DMEM/F12 supplemented with

B27, 0.05 mg/mL ascorbic acid, 0.4 mM monothioglycerol, 10 ng/

mL FGF10 (Stemcell Technologies, Cat. 78037), 10 ng/mL FGF7 (Pe-

protech, Cat. 10019), 3 mM CHIR99021, 50 nM dexamethasone

(Sigma-Aldrich, Cat. D4902), 0.1mM8-bromoadenosine 30,50-cyclic
monophosphate (8-Br-cAMP; Sigma-Aldrich, Cat. B5386), 0.1 mM

3-isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich, Cat. I5879),

and PenStrep. Cultures were embedded onto Matrigel on day 18

in 12-well plates. On day 30, organoids were dissociated in TrypLE

(Thermo Fisher Scientific, Cat. 12604013) for 3 min before being re-

embedded in Matrigel. Lung organoids were maintained for experi-

ments between passages 2 and 8 prior to dissociation with TrypLE

and seeding ontoGeltrex (Gibco, Cat. A1413201)-coated plates sup-

plemented with Y-27632 (Selleck Chemicals, Cat. S1049) at the

initial seeding step. Cells were maintained for a further 7–10 days

in 2D culture until infection at 70%+ confluency.
Cardiac cell differentiation
The hESC lines HES3 NKX2-5eGFP/w and H9 (both female) and the

hiPSC line MCRIi010-A (male) were used for viral infection studies

in 2D monolayer cultures. Each stem cell line and their derivatives

were cultured as outlined previously (Elliott et al., 2011). Cardio-

myocyte cultures were differentiated as previously described and

cryopreserved at day 10 following differentiation (Anderson et al.,

2018). Cells were subsequently thawed in basal differentiation me-

dia containing RPMI 1640 (Thermo Fisher Scientific, Cat. 21870),

2% B27 without vitamin A (Thermo Fisher Scientific, Cat. 12587),

1% GlutaMAX (Thermo Fisher Scientific, Cat. 35050), 0.5%

PenStrep (Thermo Fisher Scientific, Cat. 15070), and 10 mM

Y-27632 for 24 h at 37�C. Cells were thenmaintained in basal differ-

entiationmedium for an additional 2 days. To enrich for cardiomyo-

cytes, cells were cultured for 2 days in lactate purification media as

described previously (Tohyama et al., 2013). The cells were main-
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tained in maturation media, as described previously (Mills et al.,

2017), from day 15 to 23 post-differentiation prior to viral infection.

Virus growth in lung AT2, cardiac, and Vero cells
Infection of hESC- and iPSC-derived cells and Vero cells was per-

formed in 24 well tissue culture plates. Vero cells were washed

with MEM prior to infection. Media were removed and replaced

with 104 TCID50 of SARS-CoV-2 (approx. MOI 0.1) in 100 mL and

incubated for 1 h at room temperature. The inoculumwas removed

and cells werewashed twice with cell-specificmedia and then refed

with media. The second wash was harvested for day 0 sampling.

Vero cells were cultured in serum-free media containing 1 mg/mL

TPCK-trypsin. Supernatants were collected each day, and media

were replenished. Harvested supernatants were stored at �80�C
to determine infectious virus titers and E gene copies.

SARS-CoV-2 entry inhibition
Lung AT2 and cardiac cells seeded into 24-well plates were treated

with 100 mL a-ACE2 antibodies (WCSL141 and WCSL148; Chen

et al., 2021a), human immunoglobulin G (IgG) isotype control, ca-

mostat mesylate (Sigma Aldrich, Cat. SML0057), or DMSO for 1 h

at 37�C. Subsequently, 104 TCID50 SARS-CoV-2 was added to cells

and incubated for 1 h at 37�C. Virus inoculum was removed, and

cells were washed with plain MEM twice before replacement

with the 500 mL cell-specific culture media. For CA-074 Me inhibi-

tion, cells seeded into 24-well plates were treated with 200 mL CA-

074 Me (Selleck Chemicals, Cat. S7420) for 2 h at 37�C. Subse-
quently, 104 TCID50 SARS-CoV-2 was added to cells and incubated

for 1 h at 37�C. Supernatant samples were obtained daily, and the

media was replaced with drug-containingmedia until day 3. Infec-

tious virus titers and E gene copies were determined as detailed

above.

Antiviral testing
Compounds remdesivir (MedChemExpress, Cat. HY104077), NHC

(b-D-N4-hydroxycytidine, MedChemExpress, Cat. HY125033), fa-

vipiravir (Toyama Chemicals, Japan, T705), tizoxanide (Romark

Laboratories, Tampa, FL, USA), chloroquine (Sigma Aldrich, Cat.

C6628), and piperaquine (Sigma Aldrich, Cat. C7874) were tested

in lung AT2, cardiac, and Vero cells in 24-well tissue culture plates.

Vero cells were washed with MEM prior to the addition of 100 mL

cell-type-specific media containing diluted compounds. The

vehicle controls were prepared to contain the same amount of

vehicle (DMSO or water) as the 10 mM compound. One hour after

addition of diluted compound, 100 mL media containing 104

TCID50 SARS-CoV-2 (and 1 mg/mL TPCK-trypsin for Vero cells)

was added and incubated for an additional hour at room tempera-

ture. The inoculum was removed and replaced with 500 mL cell-

specific media containing diluted compounds. At 3 dpi, superna-

tants were harvested and stored at �80�C. Infectious virus titers

and E gene copies were determined as detailed above.

Kinase inhibitor compounds (Table S2)were tested in lungAT2 and

cardiac cells seeded in 96-well culture plates. Cells were incubated

with 200 mL cell-specificmedia containing 30–0.04 mM compound

for 2 h at 37�C. DMSO was maintained consistently to a final con-

centration of 0.1%. After 2 h, 104 TCID50 icSARS-CoV-2-nLuc or

VIC01 (approx. MOI 1) was added to each well (20 mL total), and



cells were incubated at 37�C for 2 days. Cell supernatant from

VIC01-infected cells was collected for measurement of E gene

copies as detailed above. For nLuc virus detection, cells were lysed

with Passive Lysis Buffer (Promega, Cat. E1941) and luciferase

expression measured using Nano-Glo Luciferase Assay System

(Promega, Cat. N1130) as per the manufacturer’s instructions.

Luminescence was measured on FLUOstar Omega (BMG Labtech).

Antiviral toxicity testing
All compounds were tested in lung AT2, cardiac, and Vero cells in

96-well tissue culture plates. Vero cells were washed with 200 mL

MEM. After removal of media, 100 mL cell-type-specific media con-

taining diluted compound was added. At day 2 (kinase inhibitors)

or day 3 (other compounds), cell viability wasmeasuring using the

CellTiter-Glo2.0 cell viability kit (Promega, Cat. G9241) as per the

manufacturer’s recommendations. Luminescence was measured

on FLUOstar Omega (BMG Labtech).

RNA-seq analysis
Human stem cell-derived cardiac and lung cells grown in 24-well

tissue culture plates were infected with 104 TCID50 SARS-CoV-2.

At 0, 1, and 3 days post-infection, supernatant was removed, and

the cellmonolayer was lysedwith 500 mLTRIzol reagent (Life Tech-

nologies Australia, Cat. 15596018). RNA was extracted following

the manufacturer’s protocol.

RNA-seq data were demultiplexed using a modified version of the

Sabre demultiplexer to produce a single fastq file per sample. Fastq

files were processed using the RNAsik pipeline (https://doi.org/10.

21105/joss.00583). Reads were aligned to EnsEMBL GRCh38

(Howe et al., 2021) using the STAR aligner (Dobin et al., 2013),

and duplicates were marked with Picard (http://broadinstitute.

github.io/picard/). Aligned reads were quantified to gene level

counts using featureCounts (Liao et al., 2014). Next, differential

gene expression analysis was performed in Degust (https://doi.

org/10.5281/zenodo.3501067) using the EdgeR QL method (Rob-

inson et al., 2010) to produce sets of DEGs for cardiac and lung con-

ditions, respectively. The sets of DEGs were processed for pathway

enrichment using Metascape (Zhou et al., 2019) with default pa-

rameters except that only the WikiPathways ontology was used.

Figures were generated using R (v.4) and tidyverse (https://doi.

org/10.21105/joss.01686) packages.

LEGENDplex
Cytokine/chemokine concentrations in supernatant from mock

and SARS-CoV-2-infected lung AT2 and cardiac cells were analyzed

using the LEGENDplex human antivirus response panel

(BioLegend, Cat. 740390) following the manufacturer’s instruc-

tions. Samples were run on a BD FACSCanto II and analyzed using

LEGENDplex Data Analysis Software Suite (v.8).

Statistical analysis
All data were plotted and analyzed using GraphPad Prism 9. Log10
virus titers and E gene copieswere analyzed using either a Student’s

t test or two-way ANOVAwith Tukey’s or Dunnett’s multiple com-

parisons test as appropriate. *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001. Dotted lines indicate the lower limit of detection of

the assay unless indicated otherwise. Data are representative of at
least two independent experiments showing mean (±SD) unless

indicated overwise. Antiviral activity and cytotoxicity data for

the kinase inhibitors (Figures 5 and S7) were analyzed by calcu-

lating the percentage of inhibition/viability relative to vehicle con-

trol. Curve fitting was performed using non-linear regression (four

parameters – variable slope) with data constrained between 0 and

100.
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